We have studied the possibilities of manipulating N mineralization from high N vegetable crop residues by the addition of organic materials, with the aim of initially immobilizing the mineralized residue N with a view to stimulating remineralization at a later stage. Residues of leek (Allium porrum) were incubated with soil, alone and in combination with straw, two types of green waste compost (with contrasting C:N ratios) and tannic acid. Evolution of mineral N was monitored by destructive sampling. After 15 weeks, molasses was added to part of the samples in each treatment, and incubation continued for another 12 weeks. All materials added during the first incubation stage, except the low C:N compost, resulted in significant immobilization of the residue N. The immobilization with the high C:N compost (41.4 mg N kg 21 soil) was significantly larger than with tannic acid and straw (both immobilized about 26 mg N kg 21 soil). In the straw treatment, remineralization started in the first stage of incubation from day 50 onwards. The addition of molasses caused a strong and significant remineralization in the second stage (equivalent to 73% of the N initially immobilized) in the treatment with the high C:N ratio compost. In the case of tannic acid, there was no consistent effect on mineralization from addition of molasses. This was attributed to the fact that the immobilization observed was due to chemical rather than biological fixation of the residue N. A number of non-toxic organic wastes could be considered for use in mediating release of immobilized N from high N crop residue materials in an attempt to synchronize residue N availability with crop N demand. q
Introduction
Intensive field vegetable production is known to be an important source of diffuse pollution in agriculture particularly in relation to leaching loss of nitrogen (N) (Neeteson, 1995) . This is due to the high N fertilizer application rates, and to the large amounts of residues, rich in N, that are left on the field after harvest (De Neve and Hofman, 1998) . The N left in the residues can amount to over 200 kg N ha 21 for a number of Brassica crops (Rahn et al., 1992) . The vegetable production sector throughout the EC is under strong pressure to reduce its environmental impact, particularly with respect to NO 3 2 leaching. Since N use in intensive vegetable systems is very high, there is scope to reduce mineral N fertilizer rates without impacting on the economic returns, which would reduce residual soil mineral N contents at harvest and hence NO 3 2 leaching risks. However, the large amounts of crop residues rich in N (which will further be referred to as high N crop residues) continue to be a problem, since mineralization of these will increase soil mineral N contents in autumn or winter and hence NO 3 2 leaching. To reduce nitrate leaching catch crops can be grown after the harvest of vegetable crops (Aronsson and Torstensson, 1998) . Catch crops reduce available mineral N in the soil profile. Catch crops can take up significant amounts of N, but their efficiency depends on many factors, such as the distribution of N in the soil profile at the time of sowing, rooting depth, and most importantly sowing time and weather conditions. In general, under Western European climatic conditions, catch crops need to be sown early in September to take up significant amounts of N (Landman, 1990; Sörensen, 1992) . Because field vegetables are often harvested late in the year, there is insufficient time to establish a good cover crop to reduce the risks of nitrate leaching.
Another option to reduce nitrate leaching from high N crop residues is the simultaneous incorporation of crop residues and other organic materials which either inhibit mineralization of the crop residue N or immobilize the mineralized N. Once N from the residues has been immobilized in soil in organic form, it needs to be recycled efficiently, i.e. it should become available to the subsequent crop in the following spring by stimulation of the remineralization. The processes of mineralization and immobilization mediated by soil organisms will further be referred to as the N mineralization immobilization turnover (Hadas and Molina, 1993) or NMIT. Although there has been some research on synchronising the NMIT from crop residues with crop N demand by mixing plant residues of different qualities (Becker et al., 1994; Handayanto et al., 1997; Kuo and Sainju, 1998) , there has been very little research on the use of organic waste materials to manipulate the NMIT. These organic materials could include high C:N carbonaceous materials, and materials rich in polyphenols, that could tie up the N when there are high risks of N losses. High C:N carbonaceous materials cause immobilization of mineral N present in the soil as they are utilized by the soil microbial biomass (Schimel et al., 1992) . The mechanism of action of materials rich in polyphenols is very different from this. Polyphenolic compounds may influence the N mineralization -immobilization turnover in soil in two ways. There is a direct toxicity effect on the soil microbial biomass, including bacteria, fungi, and microfauna that are involved in the process of N mineralization (Scalbert, 1991; Capasso et al., 1995; Hewlett et al., 1997) . Polyphenols also have a capacity to bind proteins through their strong affinity for amide groups (Palm and Sanchez, 1991; Handayanto et al., 1997) . The polyphenol effect on N availability therefore is not through immobilization of mineralized N, but inhibition of N mineralization through the abovementioned effects. The depressive effect of polyphenols on N mineralization is well known. Legume residues high in polyphenols have been reported to reduce N release from high N plant residues (Palm and Sanchez, 1991; Tian et al., 1992; Lupwayi and Haque, 1999) .
One way to speed up remineralization of immobilized N, i.e. to enhance synchronization between crop N demand and N supply, is the addition of organic materials to soil which strongly stimulate soil microbial activity. The addition of C in the form of sugars leads to a marked increase in soil microbial activity, which can be readily observed as an increase in soil respiration. Falih and Wainwright (1996) have shown that the addition of sugar beet to soils as a source of C led to an increase of easily utilizable C (glucose) which in turn stimulated the processes of nitrification, P solubilization and urea hydrolysis. It is hypothesized that this stimulated microbial activity in turn will result in an increased release of mineral N.
The aim of this study was to assess the efficiency of a number of organic materials to manipulate NMIT from crop residues rich in N. To this aim, a high N crop residue was added to soil, combined with a number of organic materials. In a first stage, we wanted to assess the efficiency of different organic materials (straw, two composts of different maturity, and tannic acid) to immobilize the residue N. More specifically, the question was whether there would be differences in the intensity of N immobilization and in the time before the start of remineralization of N between the straw and the composts on the one hand, and between the tannic acid (with a very different mechanism of action) and the straw and composts on the other hand. In a second stage, an easily mineralizable source of organic C (molasses) was added to the treatments of the first stage. We wanted to investigate whether the addition of the molasses, rich in easily available C, would stimulate remineralization of the immobilized N, and whether a possible stimulation of N remineralization by the molasses would depend on the nature of the organic material added to immobilize the N in the first stage.
Materials and methods
Leaf trimings (further referred to as leaves) of leek (Allium porrum) were used as a model crop producing high N residues. Net N mineralization was measured by incubating the residues with soil under controlled environment conditions. Incubations were carried out in two stages as explained further in detail.
Soil
The soil used for the incubation was the upper layer (0 -20 cm) of a sandy loam soil (65.9% sand, 27.9% silt, 6.2% clay) with low organic matter content (1.51%), pH(H 2 O) of 5.8, in situ bulk density of 1.51 Mg m 23 and CEC of 60.0 cmol(þ ) kg 21 soil, collected from the Experimental Station for Plant Breeding (Merelbeke, Belgium). All visible coarse fragments, including roots and stones, were removed by hand, but the soil was not sieved nor airdried in order to minimize disturbance of the microbial biomass.
Organic materials added
In the first stage of the incubations, treatments included a control (no residues added to the soil), a treatment with leek leaves incorporated into the soil, and treatments where the leek leaves were incorporated into soil together with organic materials (hereafter referred to as modifiers) aimed at immobilizing the N from the incorporated leek residues. The modifiers added were ground wheat straw, two green waste composts added as fresh material, and tannic acid. Wheat straw was chosen because of its wide availability and because it is guaranteed to cause N immobilization. The composts were green waste composts, i.e. composts obtained from the aerobic composting of mixed public and private garden wastes, consisting mainly of tree branches (both deciduous and coniferous), hedge trimmings and grass. Both composts were obtained from a commercial composting plant. Compost1 was a well stabilized compost about 20 weeks old, whereas compost2 was sampled before it was completely ripened (about 12 weeks old). Because the composts were sampled at the same time, and because of the different age (and hence different starting time of the composting process) the composition of the basic plant material probably differed slightly between the composts. However, the main difference was in the C:N ratio (Table 1) . Tannic acid was used as a model compound for organic materials containing significant amounts of water soluble polyphenols, as in previous studies (Barriuso et al., 1992; Bending and Read, 1996) .
In the second incubation stage, molasses was added. Molasses is a natural by-product of the sugar refinery industry, and was obtained here from a sugar beet processing plant in Moerbeke (Belgium). Molasses is the residual syrup derived from the sugar beet pulp, from which no additional sucrose can be crystallized. It is often used as a concentrated energy source for livestock. Molasses was chosen as a model compound for organic materials with large amounts of readily available C. We selected molasses because of its very high energy content and because of its general availability and its practical use in agriculture as feedstuff. It has been used as soil amendment in several other studies, such as for increasing the structural stability of sodic soils (Suriadi et al., 2002) or as a co-substrate in the degradation of organic contaminants in soil (Boopathy, 2001) .
Prior to incorporation all organic materials were analysed for dry matter content, total N by modified Kjeldahl method (salicylic acid -thiosulfate modification to include all mineral N, Bremner and Mulvaney, 1982) organic matter (loss upon ignition), organic C (CE-instruments NC2100 elemental analyser) and polyphenol content according to the Folin -Denis method (Table 1) .
Incubations
For the incubations, the fresh leek leaves were chopped into small pieces (approximately 0.25 cm 2 ). In the leek-only treatment, 6 g of fresh leaves (equivalent to 36 tons ha 21 ) were mixed thoroughly with 312 g of the fresh soil (equivalent to 282.9 g of dry soil) and the mixture was placed in plastic tubes with a diameter of 0.046 m and 0.18 m in length. In the treatments where both leek and modifiers were added to the soil, 6 g of fresh leaves were added to the soil, together with a given amount of modifier (Table 2) , and mixed thoroughly. The soil was brought to a bulk density of 1.4 Mg m 23 by compacting the soil-residue(modifier) mixture in the tubes, until a predetermined volume was achieved (soil column of 0.12 m height). This density was lower than that of the undisturbed soil, but was chosen because it was nearly impossible to achieve the field density in the tubes. The moisture content of the soil was then adjusted to 80% of field capacity (FC) by the addition of distilled water. The tubes were covered with a layer of gas-permeable Parafilm, the total weight of the tubes was recorded, and the tubes were incubated at 16 8C. This resulted in a total of six treatments (one control, one with leek leaves, and four treatments with leek leaves and modifiers) with a total number of 306 tubes. We will refer to the treatments as leek, compost1, compost2, straw and tannic acid, but in these four treatments, leek leaves were also incorporated. The moisture content was monitored regularly during incubation by weighing the tubes and kept constant throughout the incubation by adding distilled water as required. Samples (three replicates for each treatment) were taken randomly and destructively after 6, 14, 24, 38, 52, 70 and 95 days by removing intact tubes. The soil was removed from the tubes, mixed thoroughly, and 30 g subsamples were shaken with 1 M KCl (1:2 extraction ratio) for 1 h on a rotational shaker. The soil slurries were filtered and NO 3 2 -N and NH 4 þ -N were measured colorimetrically using a continuous flow autoanalyser (ChemLab System 4).
The second stage of the incubation started 108 days after the start of the first incubation stage, with the addition of molasses, aimed at stimulating remineralization of N immobilized in the first stage. The molasses was added to half of the remaining tubes of each treatment. To add the molasses, the soil was removed from the tubes and mixed thoroughly with 2 g of molasses diluted with 4 g of water to facilitate mixing with the soil. The soil was then returned to the tubes and compacted to the original bulk density (1.4 Mg m 23 ). The treatments with molasses will further be referred to by adding the symbol þ M after the treatment name. In tubes without molasses, an amount of distilled water equivalent to the water added with the molasses was added to the soil in the same way and the soil was repacked in the tubes. This resulted in 12 treatments, namely six treatments with molasses and six treatments with water only. The tubes were then left uncovered, and after the excess moisture had evaporated (after about 2 days), the tubes were covered again with a layer of gas-permeable Parafilm, the total weight of the tubes recorded and the tubes reincubated, at a temperature of 20 8C. This higher temperature was used to ensure that effects on remineralization would be visible within the relatively short time span of the second stage of the incubation. Samples (three replicates for each of the 12 treatments) were then taken again destructively on day 116, 128, 144, 164 and 189 by removing intact tubes, and analysed for mineral N (NO 3 2 -N and NH 4 þ -N) content as described before. Net N mineralization was calculated by subtracting mineral N in the control soil from the mineral N content in the samples amended with organic material.
Statistical analysis
The statistical analysis was performed using SPSS 10.0. Non-linear functions were fitted using the LevenbergMarquardt algorithm. For the immobilization of straw, constraints had to be put on the parameter values for the curve fitting and therefore the sequential quadratic programming algorithm was used.
Results

N mineralization without molasses addition
The amounts of NH 4 þ 2 N measured in the control soil (no residue or modifiers added) were very small throughout the incubation, indicating that any ammonium produced was quickly nitrified (Fig. 1a) . N mineralization in the control soil showed a more or less linear pattern during both the first and second stage of the incubation. Immobilization was observed at the transition between the first and the second stage. The N mineralization rates during the first and second stage were calculated using zero order kinetics, i.e. NðtÞ ¼ N min;0 þ kt; where the intercept, N min;0 ; is the mineral N content in the soil at time t ¼ 0 and k is the mineralization rate. This yielded a mineralization rate of 0.238 and 0.372 mg N kg 21 soil day 21 for the first and second stage, respectively. The difference in N mineralization rate between the first and the second stage (an increase of about 50%) was as expected from the temperature differences during the two incubation stages. Net N mineralization from the leek residues was rapid (Fig. 1b) . The variability both between replicates at a given sampling time and between sampling times was large, but is typical when fresh organic material is incubated with soil (De Neve and Hofman, 1996) .
The addition of the modifiers together with leek residues in the first incubation stage resulted in an immobilization of N in all treatments, except compost1, when compared with the leek only treatment. To view the immobilization effect clearly, the mineral N contents measured in the leek only treatment were subtracted from the mineral N contents in the treatments with modifiers where only water was added (Fig. 2a) . To quantify the immobilization a first order kinetics model was fitted to the data of Fig. 2a for compost2 and tannic acid:
where NðtÞ (in mg N kg 21 soil) is the amount of N immobilized at time t; N I is the asymptotic maximum amount of immobilized N (in mg N kg 21 soil) and k is the rate constant (day 21 ). For straw, remineralization occurred after about 50 days, and therefore an alternative model (a damped sinusoidal function) was fitted to determine the maximum amount of N that could be immobilized:
where NðtÞ and N I are as in Eq. (1), and a (dimensionless) and b (day 21 ) are empirical constants. For compost1 a linear regression was fitted to the data of mineral N, but the regression was not significant. The results of the curve fitting are summarized in Table 3 .
Both the intensity of immobilization and the time at which remineralization occurred differed, depending on the type of organic material used. In the compost1 treatment there was neither significant immobilization nor mineralization as compared with the leek treatment (the regression was not significant). The addition of compost2 together with the leek residue was very efficient at immobilizing N since mineral N contents were reduced even below that of the unamended soil. Immobilization with compost2 (parameter N I ) was equal to 41.4 mg N kg 21 soil, which was significantly larger ðP , 0:01Þ than with tannic acid and with straw (both immobilized about 26 mg N kg 21 soil). With straw, maximum immobilization was observed about 50 days after the start of the incubation, and then immobilized N started to remineralize gradually. The immobilization following tannic acid addition was of the same magnitude, but much more persistent than that following straw addition, (1) and (2) fitted to the tannic acid, compost2 and straw treatments. The line y ¼ 0 corresponds to the leek only treatment. and no consistent remineralization was observed during the whole duration of the experiment. Similarly, in the compost2 treatment no consistent remineralization took place either.
N mineralization with molasses addition
The mineral N contents after the addition of molasses, relative to the leek þ M treatment (i.e. the mineral N contents in the leek þ M treatment were subtracted from the other treatments), are given in Fig. 2b . The main difference between Fig. 2b and the second stage of Fig. 2a was that N mineralization was much higher in the compost2 treatment after the addition of molasses.
To quantify the influence of molasses in the second stage of the incubation (relative to the treatments without molasses) the difference in mineral N contents between treatments with and without molasses was calculated (Fig. 3) . The addition of molasses to the control soil resulted in some net N mineralization. Mineral N contents in the leek and modifiers treatments in Fig. 3 in excess of the mineral N contents in the control þ M treatment indicate a stimulation of (re)mineralization or a priming effect by the molasses. To quantify this stimulation of N mineralization the data of Fig. 3 were regressed linearly against time for all treatments (Table 4) . Regression coefficients significantly larger than the regression coefficient for the molasses amended control then indicate a significant priming effect of the molasses. The addition of molasses consistently and significantly stimulated remineralization of immobilized N in the compost2 treatment. Indeed, the regression coefficient for compost2 þ M was highly significantly different ðP , 0:001Þ from the regression coefficient of the control þ M treatment (Table 4) . The difference in mineral N in the compost2 þ M and control þ M treatment, calculated on the basis of the regression equations, was 30.2 mg N kg 21 soil at the end of the incubation, equivalent to a remineralization of 73% of the N that had been immobilized in the compost2 treatment. For the other treatments the regression was either not significant (straw þ M or compost1 þ M), or the regression coefficient was not significantly different from the regression coefficient of the control þ M treatment, indicating that there was no consistent effect of molasses on remineralization, as was already suggested by the data in Fig. 3 .
Discussion
The selected modifiers differed strongly in their ability to immobilize N. Compost1 caused no immobilization, which was attributed to its relatively low C:N ratio. Both compost2 and straw caused immobilization of mineral N through their relatively high C:N ratio (33.6 and 40.0, respectively). Compost1 and compost2 mainly differed in their C:N ratio. However, the composts also may have differed in other ways. The organic C in the younger compost was probably more labile and more readily available for microorganisms, since it was not completely mature. The difference in age between the two composts also may have resulted in a different compost microbiology, and hence different microbial populations added to the soil. Keeling et al. (1995) found an increased population of protozoa, especially ciliate, in young compost compared to more mature compost, and this difference remained visible when the composts were mixed with sand and grit (at a rate of 50% compost in the mixture) and used as growth medium. The compost microfauna was not analysed in this experiment, but because of the relatively low dose of compost added, we think that it is unlikely that any difference in compost microbiology would have a major and lasting impact on the overall soil microbiology.
As was mentioned in Section 1, the mechanism of action of materials rich in polyphenols is very different from that of the straw or the composts. It is generally assumed that polyphenols in plant residues have the largest (negative) effect on N availability in the early stages of decomposition (Trinsoutrot et al., 2000) . However, in this study there was no consistent remineralization even after 27 weeks of incubation, which may be due also to the high concentrations of polyphenols added to the soil as compared with concentrations found in natural materials, for example in plant residues. This may indicate that the duration of the immobilizing effect caused by polyphenol addition to soil may be altered by changing polyphenol concentrations.
Molasses was added as a model substance for materials that strongly stimulate microbial activity in soil. The addition of molasses stimulated N mineralization only where compost2 was added. Priming effects have been described in the literature for a number of different materials (Mary et al., 1993; Wu et al., 1993) . The effect of the molasses here must have been a real priming effect and not a pool substitution effect, since the total net mineralization in the compost2 þ M treatment was larger than the sum of net mineralization in the treatments where both modifiers (compost2 and molasses) were added separately. The reason why this consistent positive interaction was only observed in the compost2 treatment is not completely clear. One possible explanation might be that, in the treatments with leek only, and leek with straw or compost1, the readily available N fractions had been mineralized or remineralized already before addition of the molasses (with compost1 no significant immobilization occurred, and in the straw treatment remineralization took place well before the molasses addition). In the compost2 treatments the immobilized leek residue N was probably in a labile form (newly formed and largely unprotected microbial biomass and metabolites) and was readily remineralized through the strong stimulation of microbial activity in soil by the molasses addition. The N immobilized by the tannic acid seemed to be more resistant to mineralization, and the reason for the absence of a consistent priming effect upon molasses addition may be that the tannic acid does not cause biological immobilization, but reacts chemically with the N in the residues, and that it was added in concentrations higher than polyphenol concentrations normally present in plant materials.
The number of organic materials considered in this study was limited, and a large variety of other organic materials could be considered. These include a number of organic wastes from the processing of agricultural produce, presently often land filled or incinerated. Pressure is increasing to apply these wastes to (agricultural) land (Gendebien et al., 2001; De Neve et al., 2003) . Olive oil mill waste is a typical material containing high polyphenol concentrations and could be applied instead of the tannic acid used as a model substance in this study. Wastes from dairy industries or breweries can be expected to boost microbial activity in soil due to high concentrations of easily available organic C (De Neve et al., 2003) and may have a similar effect as the molasses. However, great care should be taken that only those wastes that cause no risks with respect to environmental pollution due to the presence of toxic compounds are considered for this purpose.
The results of this study indicate that there is scope for manipulating N release from N rich crop residues by the addition of both on-and off-farm organic materials, in order to reduce nitrate leaching risks, to better match crop N demand with soil N supply, and to increase overall N use efficiency. Both the intensity of immobilization and the time at which remineralization occurs seem to be manageable by the right choice of modifiers. There is scope for stimulating the remineralization of immobilized residue N by the addition of materials that cause a rapid boost of microbial activity in soil. In this study, this was dependent on the amendment applied with the high N crop residue. Molasses was used as a model substance in this study, but a number of food industry wastes could be considered as alternatives. Further work is required to identify suitable waste partners to scale up this process for field use.
